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The homoépitaxial deposition of diamond layers on {111} and {001} type-IIa natural diamond 
substrates, by both laminar and turbulent acetylene-oxygen flames, is described. Using the same gas 
flows, temperatures, and supersaturations of 4%, a higher growth rate was obtained on a {001} 
substrate with a turbulent flame than with a laminar flame. Layers grown at the same temperature 
on {111} substrates with a supersaturation of 3% show no significant difference in growth rate. Due 
to the large differences in geometry between both types of flames it is not possible to relate the 
substrate positions in the acetylene feathers to each other and compare the growth results at any 
location. However, it is shown that the application of turbulent flames for single-crystal growth does 
not lead to a dramatic change in quality of the diamond as was previously reported in the literature. 
It is demonstrated by microscopic and spectroscopic techniques that the crystallographic orientation 
of the substrates, the deposition temperature, and the gas velocity all have a larger influence on the 
crystal morphology and impurity incorporation of the grown single crystals than the introduction of 
turbulence. © 1995 Am erican Institute o f  Physics.
I. INTRODUCTION
In recent years the homoepitaxially deposition of dia­
mond crystals from a laminar acetylene-oxygen combustion 
flame has only been studied by a limited number of research 
groups,1*2 despite the fact that with this relatively simple and 
inexpensive deposition technique good quality single crystals 
comparable to type-IIa natural diamond can be obtained at 
high growth rates.3 Snail and Craigie argued that the growth 
rate could be increased significantly by the introduction of 
turbulence if diamond growth in laminar flames is transport 
limited.4 The laminar or turbulent nature of a gas flow in a 
tube is within certain limitations determined by its dimen- 
sionless Reynolds number (Re) defined as R e = 4 / tot/7rZ)v, 
with f tot the total gas flow, D  the tube diameter, and v  the 
kinematic viscosity of the gas mixture. For a mixture at 300 
K with an acetylene-to-oxygen ratio close to 1, which is used
in flame deposition, v  can be calculated to be 0.129 cm2/s.5
t
Reynolds numbers below 2300 are associated with laminar 
flows and above 3200 with turbulent flows.6 Between these 
two limits the flow is regarded to be in a transition state. As 
argued before by one of the authors,7 it is hard to obtain a 
turbulent flame with a commercial burner since the exit tube 
is by far not long enough to establish a turbulent flow. Al­
though the Reynolds number calculated at the exit opening is 
well above 3200, the flame obtained is still laminar. There­
fore, in this case Re should be related to the diameter of the 
gas tube leading to the tip; however, a turbulent flame can be 
obtained with a commercial burner by the use of extremely 
large flow rates and larger exit openings as compared to the 
laminar situation. A diamond, layer deposited in a turbulent 
flame obtained in this way8 was shown to have a better qual­
ity but a lower growth rate than specimens grown in a lami­
nar flame.4 This gain in quality at the cost of growth rate is a 
common phenomenon in crystal growth by chemical-vapor 
deposition (CVD); see, e.g., Ref. 9.
Recently, researchers at the CSEM succeeded in design­
ing a burner for which a fully turbulent flame is stabilized at 
the same total gas flow as for a laminar flame obtained by a
commercial burner with the same exit diameter. Alers and
i
co-workers7 reported that in such a turbulent flame the poly- 
cyrstalline diamond deposition rate on molybdenum sub­
strates is twice as high as in a laminar flame under similar 
conditions. In the present study an upscaled burner tip of the 
same design with an exit opening of 1.4 mm in diameter is 
used to generate a turbulent flame. The results of homoépi­
taxial deposition on {111}- and {001}-oriented natural dia­
mond substrates with this burner are compared with those 
obtained by a commercially available laminar burner with 
the same exit opening. The {111} samples are discussed in 
detail, while the {001} samples are considered briefly as the 
growth of these samples by the flame technique was previ­
ously described.3
II. EXPERIMENTAL DETAILS
The flame deposition setup has been described in detail 
in previous work.3,10 The cooling system developed at the 
University of Nijmegen allows regulation of the deposition 
temperature to within ±20 °C absolute and ±  10 °C relative. 
The flows of the high-purity source gases oxygen (99.995%) 
and acetylene (99.6%) are regulated by mass flow controllers 
within ±0.05 standard liter per minute (slm). A commer­
cially available welding torch equipped with a 1.4-mm-diam 
orifice tip was used to generate the flame. Whenever a tur­
bulent flame was required this tip was exchanged by a 
CSEM-designed turbulent tip with the same exit diameter.
j «I
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The turbulent nature of the CSEM-designed burner (Re 
^7000) was confirmed by the loud hissing sound of the 
burner4,6 and the shape of its flame front which is shorter and 
more rounded than the laminar one [see Fig. 1(b)]. The cen­
ter of the front is not sharply defined but is blurred and 
therefore usually referred to as the flame brush. In contrast to 
the center, the rim of the flame front remains steady indicat­
ing that the amount of turbulence decreases radially with the 
distance from the center of the flame. For turbulent flames 
obtained with commercial burners by the application of high 
flow rates,17 the flame front is more elongated and the part 
which remains well defined is larger than for the turbulent 
flame which is used in the present study. The appearance of 
such a flame is a kind of intermediate between the laminar 
flame and the turbulent flame shown in Fig. 1. The brush 
appeal's to be a time average of a rapidly fluctuating wrinkled 
and sometimes even fragmented flame front, as was also con­
firmed by Marks et a l n  using dark-field shadow photogra­
phy. These fluctuations indicate that the burning velocity var­
ies both in time and with the position of the flame front. This 
is caused by turbulent eddies of the same dimensions as the 
thickness of the flame front leading to sharp curvatures in the 
front and an increased transfer of heat and radicals.0 Ap­
proximating the mean area of the front by a truncated cone 
with a hemispherical top, the average value of the burning 
velocity of the flame in Fig. 1(b) is estimated to be 7.5 m/s.
Not only the flame front but also the acetylene feather of 
the turbulent flame is smaller. This shows that the combus­
tion of the excessive acetylene proceeds faster by the en­
hanced in-diffusion of oxygen from the ambient due to the
+
turbulence. Diamond deposition takes place if a cooled sub­
strate is placed in the reducing acetylene feather [see Figs. 
1(c) and 1(d)]. Outside the feather in the oxidizing outer 
flame, diamond will be etched rather than grown. In previous 
studies3,10 the quality of the deposited material among others 
appeared to be dependent on the excess of acetylene used to 
create the feather and the position of the substrate in it. Us­
ing a laminar flame these features were described by Sac and 
d  [see Fig. 1(c)], for which the flame front directly or indi­
rectly is used as a reference. However, as the turbulent flame 
front is not sharply defined the accurate determination of the 
values for d  and S ac in a turbulent flame is not possible. This 
problem is “solved” by using the substrate to burner distance 
b [see Fig. 1(d)] and the acetylene-to-oxygen ratio R  in a 
turbulent flame as an alternative reference for d  and £ac, 
respectively.
IV. GROWTH RESULTS AND DISCUSSION
Due to the specific graphitelike appearance of the {111} 
surface and its easy disturbance of stacking order,19 crystal 
volumes grown via this face usually suffer from several de­
fects such as stacking faults, graphitelike inclusions, and, 
perhaps most of all, microtwinning. These defects obstruct
4
the step growth mechanism of the face, which therefore eas­
ily becomes polycrystalline after growth of a few 
micrometers.15 Janssen et al. demonstrated the occurrence of 
this phenomenon for a flame-grown specimen at a tempera­
ture of approximately 940 °C.20 Results of a recent study on 
flame-grown polycrystalline diamond layers indicate that the
TABLE I. Growth conditions and results.
Sample LO TOI T02 LC TC
Burner tip laminar turbulent turbulent laminar turbuler
Substrate {1 1 1 } OU} {1 1 1 } {0 0 1} {001}
Td± 20 (°C) 1150 1150 1250 1150 1150
/ ox±0.03 (slm) 3.0 3.0 3.0 3.0 3.0
Sac±0.5 (%) 3.0 « « ♦ * ♦ * 4.0 « 1 *
R ±0.005 0.985 0.985 0.985 0.995 0.995
c/±0.1 (mm) 1.0 ~ 1 ~  1 1.0 1
¿±0.3 (mm) 8.0 5.0 5.0 8.0 5.0
hd±5  (¿¿m) 43 38 58 85 97
vd±3 (/¿m/h) 14 13 21 34 49
occurrence of these defects increases with a decreasing acti­
vation level of the gas phase.13 Samples grown at a distance 
larger than 2 mm from the flame front or with supersatura­
tions above 6% show a fast deterioration of the {111} facets. 
It was discussed that this is probably related with the forma­
tion of larger hydrocarbon compounds and possibly soot in 
the gas phase which, upon deposition easily induces the for­
mation of twins or other defects. To avoid these problems the 
{111} samples in the present study were grown at about 1 
mm from the flame front using a somewhat lower value for R 
(5ac) than the {001} samples (see Table I). This strategy ap­
peared successful because the single-crystal nature of the 
samples was maintained, although the deposition rate was 
much lower than that of the {001} samples. Table I shows 
that for the {111} samples grown at 1150 °C the introduction 
of turbulence did not result in an increase in growth rate; 
however, the {001} sample grown by the turbulent flame was 
obtained with a higher deposition rate than the one grown by 
the laminar flame. Polycrystalline layers grown on molybde­
num substrates, using the same flames as described in the 
present study, reveal a similar behavior of the growth rate as 
a function of the supersaturation. At low S ac diamond layers 
grow faster in the laminar flame in the turbulent flame, at 
high Sac the layers grow faster in the turbulent flame. This 
phenomenon could be described by the higher mixing rates 
in the turbulent flame, resulting in a less localized flame front 
and a smaller acetylene feather due to a faster completion of 
the combustion process.13 Compared to the total length of the 
turbulent feather, growth proceeds relatively close to the 
flame front for high S ac. For low Sac growth proceeds rela­
tively close to the periphery of the turbulent feather where 
the combustion of excessive acetylene is almost completed, 
À more detailed description of this process is given in Ref. 
13.
Besides diamond deposition on the top faces, a number 
of facets and curbed bands were developed along the sides of 
the substrates. To simplify the discussion, the locations of the 
observed bands (bold lines) and faces (grey markers) on the 
{111} specimen are indicated in a stereographic projection 
shown in Fig. 2. For the side faces 0 and M, both averaged 
over the three symmetry equivalent faces, are given in Table
II. The crystallographic orientations indicated by the white 
markers are subject to discussion but were not observed on 
the samples. The goniometer measurements revealed that in 
general the {001} and {111} side facets at all specimens are
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A. Morphology of specimen grown on {111}~oriented 
substrates
Sample LO grown using a laminar flame shows a num­
ber of interesting features which are discussed in detail fol­
lowed by a comparison with the characteristics of the {111} 
samples grown with a  turbulent flame. Figure 3(a) shows that 
the (111) top face of the sample is covered by triangular 
hillocks. These elevations are bounded by vicinal faces of the 
positive” 24 form { l l l  +  <5} with 0<<5<^1 which are stepped 
toward the [IÏ2 ], [121], and [211] directions. The inclination 
of the vicinal faces with the exact (111) face is 4° as was 
determined by the goniometer. Close examination with 
DICM reveals that most of the large elevations consist of two 
individual hillocks with closely spaced (between 5 and 15 
jum) summits which have one slope in common. The sum­
mits are connected by a peculiar line-shaped feature typically 
2 jam wide, perpendicular to the in-plane (112) directions. 
Several of them could be identified as penetration twins.25,26 
Accumulation of steps generated by contact nucléation at 
both ends of the low inclination side (twin plane) of the 
twins27 can account for the observed appearance of the 
“double” growth hillock. Alternatively, the triangular fea­
tures might be generated by extended dislocations along 
(112), consisting of two closely spaced partial dislocations 
with a stacking fault in between 28 In that case the twins
well developed and give clear reflections. Other faces are between &e summits of these elevations could be formed at
still somewhat curved resulting in a diffuse reflection or a ai1^ ^ me during the deposition process. The relatively small
band of reflections in the optical goniometer telescope, giv- number of hillocks compared to J h e  dislocation density of
ing values of 9  with an accuracy not better than within 2°. type-IIa natural diamond (10 cm 2) is explained by the fact
The curved faces with orientations between {113} and {117} ^ a t  most of the smaller hillocks from individual dislocation
at the {111} samples are referred to as {llX} (3<X<7). The sources are overgrown by larger ones generated by twins or
final form of these faces in general is {113} since these are extended, more active, dislocation sources. The presence of
the triangular hillocks indicates that the growth rate is lim-
FIG, 2. Locations of the observed faces (grey markers) and curved bands 
(bold lines) on the {1 1 1 } samples in a stereographic projection on the ( 1 1 1 ) 
plane. The faces indicated by the open markers were not observed but are 
subject to discussion. The solid and dashed bold lines indicate a difference 
in stabilization observed for the orientations in the curved bands. Note that 
all the orientations which show evidence of some kind of stabilization co­
incide with the {hhk}h^ k parts of the (110) zones. The periphery of the 
projection is outlined by the dashed thin line.
the only facets other than {111} and {001} observed on pre­
viously reported {110} samples3,21'22 and on the {001} speci­
mens discussed in the present study, which due to higher 
growth rates are in a further stage of development than the 
{111} specimen. However, it should be noted that for silicon 
CVD a relatively low supersaturation, as used for the growth 
of the {111} samples, resulted in the development of a wealth 
of additional facets such as {337}, {7 7 13}, and {9 9 19}.23
ited by integration of growth units into the kink positions in 
a step. The slopes of the hillocks are opposite to those ex­
pected from a first-order periodic bond chain (PBC) 
analysis,29 but can satisfactorily be explained by the assump­
tion of step reconstruction by dimer formation.30 In the cen­
ter of the sample the triangular features are somewhat less 
distinct and the hillocks are a bit rounded. There are two
TABLE II. Angles of the side faces with the top face of the {111} specimens and the smallest lateral width of 
these faces as an indication of their morphological importance.
Sample LO Sample TOI Sample T 02 Calculated
6± 2 (deg) M ±3 (/xm) e±2  (deg) M ±  3 (/¿m) 0±2  (deg) M ±  3 (yLtm) 6 (deg) Indices
Faces in the O sets
71.2 140 70.4 150 70.5 200 70.5 1 1 1
89.5 40 87.5 80 ft » * 1 «  « 90 1 12
1 f • * * » I  •  « « t  t Í07.2 50 100-113.8 113-U 7
127.1 50 126.0 50 123.3 65 125.3 001
Faces in the C sets
35.6 38 36.4 40 30.2 50 29,5-43.2 131-171
56.2 30 56.2 15 ft 1 • ft ft i 54.7 010
71-76 95 72-82 145 65-77 175 65.3-80 171-131
109.9 70 110.3 75 110.0 100 109.5 1 1 1
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ocks are nucleated in the central region of the facets by dis­
locations originating from the straight corner of the cubic top 
face with the side wall of the substrate. In that case the 
hillocks might coalesce further away from the center causing 
the decreased step density observed toward the top and bot­
tom of the facet [see Fig. 6 (b)]. An alternative explanation of 
this effect is that the hillocks are generated at the rims of the 
facet which for {001} facets were found to be preferred 
nucléation sites during fíame deposition.27 Hillocks nucle­
ated at the top and bottom rims of the {113} facets interfere 
with each other somewhere in the middle of the facet result­
ing in a higher density of macrosteps in this region.
Surprisingly, in the first instance {113} facets were not 
observed on the previously examined samples of the C 
series.3 Reinspection of these samples revealed that only the 
sample with the thinnest epitaxial layer of these specimens 
exhibits very small {113} facets. For this sample the average 
growth rate of these {113} faces (1*113) relative to that of the 
{111} side faces on the sample ( v {j {) was found to be about 
2.2. For the other samples it could be deduced that 
v 113/u 111 >  1 ■ 9 since no {113} facets were present any more. 
This indicates that under the applied growth conditions, the 
minimum in the surface energy of the {113} face is only 
local.34 Finally, the diamond crystal will be bounded by the 
more stable {111} and/or {001} faces, dependent on their rela­
tive growth rates.25’26,39 For the samples LC and TC, which 
are grown at a 50 °C lower temperature than the previous 
obtained samples,3 113/ u n  1 is .1.7 and 1.6, respectively. 
Apparently relatively small differences in the deposition 
temperature influences the crystallographic appearance of the 
samples to a larger extent than the introduction of turbulence 
in the flame. The wealth of growth features observed on the 
{111} samples is not present on the {001} samples because 
they are overgrown by the (under the applied growth condi­
tions more stable) {111}, {001}, and {113} facets.
C. Impurities
The main impurities expected in flame-grown diamond 
single crystals are nitrogen, nondiamond carbon phases such 
as graphitic inclusions, and hydrogen which is chemically 
bonded to carbon as CH2.! Previously investigated {110}
»
samples, flame deposited at 1200 °C, show that an increase 
in hydrogen concentration is reflected by an increase in back­
ground fluorescence as well as in the full width at half­
maximum (FWHM) of the diamond peak in the Raman spec­
trum (see Table I of Ref. 3). However, similar to the {001} 
samples of the C series (see Sec. IV B) investigated in the 
same study all the {111} and {001} samples presented in the 
present study show Raman spectra that are identical to the 
natural type-IIa substrates with a FW HM ^3 cm““1. This in­
dicates the absence of nondiamond carbon phases and incor­
porated hydrogen.
The PL spectra of the flame-grown diamond layers are 
usually dominated by two vibronic systems that have been 
attributed to nitrogen-vacancy pairs with their zero phonon 
lines at 2.156 eV (575 nm) and 1.945 eV (638 nm) .1'40 The 
spectra of the samples considered in the present study, how­
ever, are dominated by their Raman lines (indicated by R) to 
which they are normalized (see Fig. 7). The spectra reveal an
d- Appi. Phys., Vol. 78, No. 4, 15 August 1995
pi
Photon energy [eV]
FIG. 7. PL spectra of the flame-grown diamond single crystals normalized 
to the first-order Raman phonon line (R). The peak indicated by N~V is the 
zero phonon line of the nitrogen-vacancy-related 575 nm system. The spec­
tra are not corrected for the system response and the increasing intensity 
observed at the high-energy end of several of them is caused by reflections 
of the laser light.
extremely low density of luminescent defects with a mar­
ginal presence of the 575 nm (indicated by N -Y ) system and 
almost no sign of the other nitrogen-related system men­
tioned above. Therefore, it can be concluded that, under the 
present growth conditions, incorporation of nitrogen as 
nitrogen-vacancy pairs from the ambient in the crystals, 
which grow via the F  faces {111} and {001}, is low. No 
significant differences are observed between samples grown 
by a laminar and a turbulent flame.
This picture is supported by CL topographic investiga­
tions: All samples reveal blue-band A  luminescence charac­
teristic for natural type-IIa diamond. In contrast to this, the 
previously investigated samples from the C series revealed 
some orange luminescence from the 575 nm system, indicat­
ing a small amount of nitrogen incorporation. However, 
these small amounts could not be detected by infrared 
spectroscopy3 so the grown diamond layers have to be clas­
sified as type Ha. It is well possible that the decrease in 
signal of the 575 nm system is caused by higher gas veloci­
ties used in the present experiments. The samples of the C 
series were grown using a burner orifice of 1.6 mm in diam­
eter and a total gas flow of 6.8 slm giving a gas velocity v 0 
of 56 m/s at the burner opening, while the specimens in this 
study were grown at v 0 —65 m/s. The high quality of the 
{001} diamond single crystal grown with a turbulent flame as 
reported by Snail et  a l ,8 in our opinion, is mainly caused by 
the same effect, i.e., improved shielding from the ambient air 
due to a high gas flow rate, which can be calculated to be 
127 m/s in their experiment (20.5 slm total flow with an 1.85
«
mm burner opening). This shows that the incorporation of 
nitrogen in flame-deposited single crystals in the first place is 
determined by the applied gas flows. Obviously the gener­
ated turbulence is not sufficient for a significant increase of 
the amount of nitrogen mixed in from the ambient up to the 
center o f the feather where the single crystals are located,
m
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Results obtained by a detailed investigation of the influence 
of the applied supersaturation at the position of the sample in 
the feather for turbulent and laminar flames on diamond 
growth,13 point in the same direction.
V. CONCLUSIONS
In the present ctudy it is demonstrated that laminar and 
turbulent flames can be obtained using the same gas flows 
and burner openings by the addition of a turbulence-inducing 
step inside a commercially available burner tip. The flames 
show significant geometrical differences due to a higher re­
action rate (burning velocity) in the turbulent flame as a re­
sult of the enhanced mixing of heat and radicals. The flame 
front of the turbulent flame is blurred and more rounded than 
that of the laminar flame.
Due to the large differences in geometry it is not possible 
to relate the positions in the acetylene feathers of both flame 
types to each other and compare the growth results at any 
location in the flames. In order to determine which type of 
flame is better suited for diamond deposition, the perfor­
mance of both over a large range of growth conditions 
should be compared. Recently, the influence of the growth 
parameters Sac and d,  which are most closely related to the 
gas-phase geometry, on diamond deposits grown by both 
flame types has been investigated. The results of this study 
are presented elsewhere.13 However, this preliminary study 
already shows that the application of turbulent flames for 
single-crystal growth does not lead to a dramatic change in 
quality of the diamond as previously reported in literature. 
The crystallographic orientation of the substrates, the depo­
sition temperature, and the gas velocity have a larger influ­
ence on the crystal morphology and impurity incorporation 
of the grown single crystals.
In addition it was demonstrated that the single­
crystalline nature of diamond layers exceeding 50 fim thick­
ness deposited on {111} substrates can be maintained in a 
highly activated gas phase. This is obtained by deposition 
with the substrates close to the flame front at a high tempera­
ture and a relatively low supersaturation. All faces and the 
curved bands with macrosteps, observed on the {111} and 
{001} single crystals, belong to the {h h k }h^ k parts of the 
(110) zones. The stabilization of these orientations can be 
explained by the formation of dimer bonds between the sur­
face atoms.34 Other orientations have a rough appearance 
due to the occurrence of microfacetting. So, no faces or other 
signs of stabilization appeared for the {h h k }h>k parts of the 
(110) zones which according to the PBC theory are S faces 
and should be stabilized in one direction.
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